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Summary
Objective: In this review article, we discuss current data and concepts concerning the molecular biology and
biomechanics of both normal and healing ligaments in a rabbit model.
Method: Data is presented from light microscopy, transmission electron microscopy, molecular biology (RT-PCR),
and biomechanical measurements (laxity, stress at failure, modulus, and static creep) of normal, pregnant and healing
rabbit medial collateral ligaments.
Results: ‘Flaws’ in scar matrix, smaller-than-normal diameter collagen fibrils, and failure of collagen cross-link
maturation may be particularly important deficiencies which appear to be related to ligament scar weakness and
perhaps to scar creep. The mechanical behaviours of both normal and healing ligaments are altered by relative states
of joint motion and normal ligaments are a#ected by systemic hormones (particularly during pregnancy).
Discussion: Molecular analysis of ligaments and ligament scars, combined with ongoing morphological and
biomechanical studies of ligament structure and function, will ultimately reveal which factors can be manipulated
clinically to optimize the restoration of normal ligament properties after ligament injuries. Further studies on the
mechanisms of ligament healing, genetic markers of repair, and gender-specific di#erences in ligament repair responses
are required.
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AS NOTED in the previous article, ligaments and
tendons have very interesting biomechanical prop-
erties which are highly adaptive for the complex
functions that each of these structures must serve.
These properties are the collective product of all of
the cells within that structure during its normal
growth and development; ultimately producing an
adult tissue which can perform complex biome-
chanical roles while maintaining some ability to
change, if necessary, during aging [1, 2]. In fact,
whilst ligaments were once thought to be almost
inert, it has now been recognized that they are
responsive to a number of local and systemic
factors which influence their cells. Changes in
loading (e.g., during exercise or immobilization)
are particularly well described local stimuli to
changes in ligament and tendon cell behaviours130[3–11] during growth [12, 13] but also in adulthood
[14]. Hormone variations, on the other hand, have
only recently been recognized as a stimulus for
ligament cells to change, producing surprising
alterations in ligament properties during preg-
nancy [15] as well as important implications to the
genesis of ligament injuries in females [2, 16].
Injury to a ligament induces a dramatic change in
its structure and in its biology, creating a situ-
ation in which ligament functions need to restored
by a healing process during which both cellular
composition and loading are altered, and in which
hormone variations may still be influential.
In this article, we review briefly the cell and
matrix changes in a healing ligament versus a
normal ligament in a rabbit model. For more com-
prehensive sources of information to ligament biol-
ogy and biomechanics, the reader is referred to
several excellent reviews on these topics [17–22].Sources of Support: Alberta Heritage Foundation for
Medical Research, Medical Research Council of Canada, The
Arthritis Society of Canada.
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Normal skeletal ligaments are defined as dense
bands of connective tissue which stabilize joints
and guide joint motion. They have the gross
Osteoarthritis and Cartilage Vol. 7 No. 1131appearance of being made up of a collection of
densely packed fibres which span a joint and then
become anchored to the bone at either end (Fig. 1).
On closer inspection, surfaces of ligaments often
have a membrane on them (an ‘epiligament’ for
extraarticular ligaments or synovium on intra-
articular ligaments) which can obscure their
fibrous detail. As this membrane is stripped away,
the fibrous architecture of the ligament becomes
even more apparent in some ligaments, with a
hierarchical organization into groups of fibres
known as ‘bundles’. It is di$cult to separate these
bundles, suggesting that they are interconnected
in some ways. With joint movement there is clearly
some interaction between fibres as they maintain
the gross appearance of a single structure while
some of them can be seen to tighten or loosen
depending on the bone positions and the forces
that are applied.
Under a microscope, ligaments are appreciated
to be much more complex. The epiligament can be
seen to extremely cellular and vascular, also con-taining some sensory and proprioceptive nerves.
The ligament itself is much less vascular, but does
have some organized blood supply and some inner-
vation. The physiological impact and implications
of these nerves and vessels are just beginning to be
studied in detail [23–25].
The most obvious histological feature of liga-
ments is that they contain relatively few cells
scattered among a longitudinally aligned fibrous
matrix. These cells are mainly spindle shaped
fibroblasts or fibrocytes which are generally
aligned with the matrix. Within vascular profiles,
some endothelial cells can also be seen. Fibre
bundles are appreciated along with a wavy appear-
ance to the collagen fibres, known as its ‘crimp’.
Other components of this fibrous matrix can be
enhanced with other stains or immunohistochemi-
cal techniques (e.g., minor amounts of elastin,
proteoglycans, actin, etc). These histological fea-
tures of normal ligaments, including their very
complex insertions into bones have been described
in detail elsewhere [26–28].
Ultrastructural studies have revealed that liga-
ment fibroblasts have long cell processes with
some apparent gap junctions between cells. The
vast majority of collagen fibres are aligned along
the long axis of the ligament with a few small
fibres appearing to ‘cross-connect’ in some way.
Three dimensional orientations of fibres and true
fibre connections along the lengths of ligaments,
however, remain obscure. Transmission electron
microscopy has shown that collagen fibrils within
each collagen fibre exist in a variety of sizes from
about 60 nm to about 4000 nm in diameter [29], and
that elastin, proteoglycans and minor collagens
(e.g., type VI collagen) are found within the inter-
fibrillar spaces in some very interesting distribu-
tions [30]. Some of these components have been
shown to change quantitatively during growth,
maturation and aging and vary as a function of
anatomic location along the length of the liga-
ments as well [31]. The functional role of each of
these components is currently being studied, with
the tensile load-carrying collagens (types I and III)
receiving the greatest focus and what are thought
to be elements which contribute to the viscoelastic
properties of ligaments (water, proteoglycans, elas-
tin, minor collagens) also beginning to receive
some attention.FIG. 1. Gross appearance of a normal rabbit medial
collateral ligament (MCL).Comparing normal ligaments to healing
ligaments
It must first be made very clear that it has long
been recognized that there are di#erences in heal-
ing characteristics between di#erent ligaments,
132 Frank et al.: Ligament biology and biomechanicsmaking it di$cult to provide a review of a ‘typical
healing ligament’. In fact, the anterior cruciate
ligament (ACL) of the knee appears to have par-
ticularly poor healing capacity, for reasons which
are being defined [32–34]. The medial collateral
ligament (MCL) of the knee has been studied more
thoroughly, since it does have a more consistent
healing capacity that can be evaluated [35]. In
particular, it can provide insights into how heal-
ing ligaments di#er from normal ligaments, even
under what are assumed to be ‘reasonable healing
circumstances’ (in an extraarticular compartment
which is vascular and cellular, and in which
stresses are low).overview of mcl healing
Even though the rabbit MCL heals under what
may be called ‘better circumstances’, it still heals
with ‘scar tissue’ [36]. The new tissue appears to be
formed by similar cellular and matrix processes to
those described in wound healing [36]. This anal-
ogy invokes potential applications of a great deal
of other information to the study of ligaments, but
it does not eliminate the need to understand
specific processes and products in injured liga-
ments, since the biomechanical properties of these
products define their functions.morphology and biochemistry
Healing MCLs undergo many changes during
the healing process. These changes are driven by
cellular processes can be classified into at least
three gross, overlapping, sequential stages: bleed-
ing and inflammation (days to weeks), cell prolifer-
ation with matrix production (weeks to months),
and matrix remodelling (months to years). Rather
than describing these changes in detail, a few key
factors will be emphasized [37].
Scar tissue in a healing ligament is formed by
the cells which proliferate in the ligament gap.
These cells are a mixture of fibroblasts, inflamma-
tory cells and vascular cells [38]. The matrix that
they produce is initially very disorganized, how-
ever it organizes over time. That reorganization is
part of the remodelling process. Remodelling does
not progress to the point of recreating a normal
ligament and it appears that the scar remains
di#erent from normal ligaments in some important
ways. First, it appears that scars contain a number
of ‘flaws’ [39]. While the number and sizes of these
flaws (fat cells, inflammatory foci, blood vessels,
loose collagen and disorganized collagen) de-
creases over time, it doesn’t appear that they are
ever completely removed (Fig. 2). Secondly, whileit appears that there are some changes in the
quantities of various key matrix components over
time, with some of them recovering to within
normal ligament quantities [40], other matrix com-
ponents likely do not recover as well. It would
appear that there are chronic abnormalities in
proteoglycan types [41] collagen types and colla-
gen cross-links [42] in MCL scars. Thirdly, it
appears that collagen fibrils in scars are smaller in
diameter than normal fibrils for several years fol-
lowing the injury [43]. While some small increases
in fibril size do occur during the second year of
remodelling [44], they remain abnormally small
(Fig. 3) for reasons which have not yet been
defined.biomechanics of healing mcls
Healing ligaments exhibit changes in their bio-
mechanical properties over time as a result of the
proliferation and remodelling of matrix noted
above. Given the highly organized heterogeneity of
tendons and ligaments, it is not surprising that the
response to injury is unable to replicate or restore
the original structural organization. The conse-
quence is an inability to match structural or
mechanial behaviour even two years after injury.
In general, there are improvements in load-
deformation properties over the first few months of
healing, however the properties of a normal unin-
jured ligament are likely never restored [45]. Heal-
ing ligaments appear to permanently remain
weaker and less sti# than normal MCLs. These
deficiencies are influenced by the size of the gap
between ligament ends [35] and by joint motion
[46, 47]. Decreasing the size of the gap between
ligament ends and some joint motion both appear
to enhance scar ultimate strength and sti#ness to
some extent. In a material sense, however, these
treatments do not appear to enhance scar quality
by any appreciable amount. While there are some
improvements in MCL scar material strength and
sti#ness over the first 3 months of healing, scars
never regain more than about 30–40% of normal
MCL properties [37, 45] for reasons which remain
unclear. Fiber malalignment [39, 48], failing colla-
gen cross-link maturation [42], and the failure of
scar collagen fibrils to mature into normal size
fibrils [43] have all been noted as potential causes
of scar weakness, however, which is the most
important has remained obscure.
Recently, a specific association has been made
between fracture mechanics and the strength of
the healing rabbit MCL [39]. In fracture mech-
anics, flaws in a material are recognized as being
the cause of fracture under tensile loading. Cracks
Osteoarthritis and Cartilage Vol. 7 No. 1133FIG. 2. Histologic appearances of midsubstance ‘flaws’ within rabbit MCL scars, showing di#erent types of defects
within the new matrix: (A) a blood vessels, (B) fat cells, (C) loose collagen, (D) disorganized collagen, (E) inflammatory
site with little matrix, (F) a combination of all. All Haematoxylin and Eosin stain #125 magnification (Fig. 2 from
Shrive et al. [41], with permission).propagate from flaws perpendicular to the direc-
tion of applied tension with sharp thin voids being
the most dangerous. When the stress intensity at
the tip of the void reaches the fracture toughness
of the material, the crack propagates. Fracture is
predicted from the critical flaw, typically the larg-
est void perpendicular to the applied stress. The
‘flaws’ in a healing ligament are described above.
Over time from injury the number and size of these
flaws decreases. Also the collagen fibers align with
the applied tension, so the fracture toughness
increases. Strong associations were found between
the number and size of flaws, and the stress at
failure of the tissue. The number of flaws present
was also expected to a#ect the overall sti#ness of
the healing ligament, with more flaws providing
less sti#ness [39]. Again, a strong association was
found between the area of the cross-section that
was ‘flaw’ and the elastic modulus of the material.
(Fig. 4).
Soft tissues however, are not subject to high
stresses for the majority of their working life.Recent evidence [49, 50] has suggested that the
strain levels induced in the ACL by various pas-
sive and active movements in both humans and
animals may remain within the toe region of
a typical stress–strain curve. The tissues are
subject to repeated low loads. The response of a
ligament under these loading conditions in the
viscoelastic one of creep. Creep is the increase in
strain over time when the material is subject to
constant (or repeated) stress. We have begun
to analyze the response of MCLs and MCL scars
to repeated low loads in vitro: scar creeps
considerably more than normal ligament [51]. It
appears that MCL scars subjected to cyclic
and static loads which are only a fraction of
their failure loads respond by creeping more than
twice as much as a normal MCL (Fig. 5). The
normal MCL was surprisingly found to creep
less than would have been anticipated from
previous load relaxation tests [52], we suspect, due
to fibre recruitment. Thus, we have speculated
that normal ligaments may be highly adapted to
134 Frank et al.: Ligament biology and biomechanicsresist creep; a property which scars may never
obtain.molecular biology of normal and healing mcls
Analysis of normal and healing ligaments using
the tools of molecular biology has been the subject
of investigation in recent years. Such investiga-
tions have been hindered by a lack of e#ective
methods to study very hypocellular tissues, as well
as a relative paucity of appropriate reagents to
investigate tissues from many of the species com-
monly used to investigate the mechanical proper-
ties of the tissues (i.e., rabbits, goats, sheep etc.
compared to rodents). Recently, we have developed
a method which reproducibly yields intact RNA
from ligaments, tendons, cartilage, meniscus and
other dense connective tissues [53]. This methodol-
ogy has greatly facilitated the study of normal andhealing ligaments at the molecular level. The
second advance in this area has been the devel-
opment of rabbit-specific reagents to investi-
gate this mechanically and biochemically well
characterized model. As summarized in Table I,
rabbit-specific primers for reverse transcription-
polymerase chain reaction (RT-PCR) analysis of
a number of molecules relevant to connective tis-
sues have been developed, validated and used in
this model system. These include matrix mole-
cules, proteinases and inhibitors, growth factors
and receptors, hormone receptors, inflammation-
related molecules and house-keeping genes. While
the methods to date have been applied to a semi-
quantitative analysis of RNA from normal and
healing ligaments, some very interesting findings
have been obtained.
With regard to ligaments specifically, the mol-
ecules identified in Table I with * have been
detected in RNA extracted from normal rabbit
MCL. Analysis of some of these molecules from
3 week MCL scar tissue by semiquantitative
RT-PCR has revealed that a number of the tran-
scripts are elevated in the scar tissue compared to
normal tissue from age-matched controls [54–56].
With regard to matrix molecules, as shown in Fig.
6, some of the transcripts for a subset of matrix
molecules are significantly elevated in scar and
this correlates with recent biochemical evidence
[41] Thus, there is a correlation between the
molecular findings and the biochemical results,
indicating that the transcripts are likely trans-
lated and that regulation of mRNA synthesis and
stability is very important. Similar analysis of
mRNA for growth factors and growth factor recep-
tors have also indicated that some are elevated,
while others are not [54]. Thus, this molecular
approach should provide new insights into the
mechanisms regulating ligament development and
maturation, as well as the response to injury.Effects of gender on normal ligamentsFIG. 3. Transmission electron microscopic comparison of
collagen fibril sizes in cross-sections of a normal MCL
(A), versus fibrils in an MCL scar (B). Magnification
#30 000.biomechanics
There are a number of ways in which the biome-
chanical properties of joints and joint tissues can
be described. At a clinical level, individual struc-
tures cannot be isolated and instead only a collec-
tive mechanical behaviour can be described. The
best example of this phenomenon is the clinical
definition of ‘whole joint laxity’; a crude mechan-
ical test of the relative sti#ness of tensile load
carrying structures under low loads when muscles
are relaxed and bones are displaced manually from
their anatomic resting positions. Relative isolation
Osteoarthritis and Cartilage Vol. 7 No. 1135FIG. 4. Plots of flaw size and distribution against material properties of 3, 6 and 14 week MCL scars showing strong
correlations. (A) Stress at failure versus mean area of the largest flaw; (B) Stress at failure versus the fourth root of the
mean area of the largest flaw; (C) Stress at failure versus the inverse of the square root of the mean of the largest flaw;
(D) Mean elastic modulus versus mean flaw area (Fig. 4 from Shrive et al. [41], with permission).of structures can be achieved by controlling the
direction of forces and isolating a particular direc-
tion of bony displacement, such as one direction of
translation, or one rotation. The well-known
anterior drawer test of the knee in which an
anterior manual force is applied to the tibia in a
knee flexed at ninety degrees and the examiner
assesses relative tibial displacement, is one
example of this definition of laxity for the anterior
cruciate ligament. Using this type of gross assess-
ment of all of the major ligaments, the laxity of the
normal knee has been clearly noted to vary
between individuals, with some individuals having
hypermobile joints and others less lax joints. More
women than men are reported to have joint hyper-
mobility [57, 58] and female athletes experience
more joint injuries than their male counterparts
[16]. The basis for the gender di#erences is not
definitively known, however hormones such as
estrogen have been implicated. Interestingly,receptors for estrogen and progesterone have been
detected in both human and rabbit ligaments by
immunolocalization [59] and by RT-PCR [54]. In
both species, the receptors have been detected in
ligaments from females and males. While the data
obtained thus far is consistent with the receptors
being of a functional size in both males and
females, some experiments using ligament tissue
from male and female rabbits have indicated that
MCL tissue from female rabbits is responsive to
estrogen in vitro, while that from males is not
responsive to estrogen in vitro [60]. Thus, the
regulation of hormone responsiveness in these tis-
sues is apparently not only based on the presence
of hormone receptors.
Ligament laxity has also been reported to be
altered during pregnancy [15]. The increases are
reported to occur during the second trimester and
persist post-partum for a number of weeks [15]. The
laxity of the isolated rabbit MCL, when tested
136 Frank et al.: Ligament biology and biomechanicsin vitro, also increases during pregnancy [60]. This
definition of laxity is specific to this model; repre-
senting a displacement measurement of very low
load tensile sti#ness of the isolated MCL as the
femur is distracted from its anatomic contact
point with the tibia. The statistically significant
increases in this specific form of ligament laxity
occur between the second and third week of preg-
nancy and are maximal during the fourth week of
pregnancy (Fig. 7). Interestingly, the high load
behaviour of the MCL is not influenced by preg-
nancy and the changes appear to be restricted to
changes in low load behaviour and laxity (Hart,
Frank and Shrive, manuscript in preparation). The
extent of the changes in MCL laxity that occur
during pregnancy are very similar irrespective of
whether the rabbit was in the first pregnancy or
was multiparous. The mechanism(s) responsible
for these changes in laxity are the subject of
current molecular analysis.FIG. 5. Static creep curves for a typical 6 week MCL scar and normal MCL tested at 4 MPa showing that the scar creeps
nearly twice that of the normal at the same stress level.possible role of relaxin in pregnancy-associated
alterations in ligament function
The studies described thus far have implicated,
but not proven a role for the pregnancy-associatedhormone relaxin in the process [15]. Relaxin, a
member of the insulin-like growth factor family
[61], increases during pregnancy and the levels
drop dramatically post-partum. The temporally
induction of relaxin varies from species to species,
but in the rabbit serum levels rise at approxi-
mately 15 days of gestation and then drop quickly
post-partum [62]. Initially, the role of relaxin was
thought to be primarily related to relaxing the
pubic symphysis, but recent findings indicate a
wider range of roles [61]. Interestingly, relaxin is
also found in milk and pups of mothers with
prolonged expression of relaxin in the milk are at
high risk to develop hip dysplasia due to lax
capsular ligaments [62]. In vitro, relaxin alters
collagen synthesis by rabbit articular cartilage
[64] and in vivo, it inhibits collagen deposition in
murine models of fibrosis [65]. Recent studies
have investigated the e#ects of porcine relaxin
(from Dr Sherwood, Univ. of Illinois), since
rabbit relaxin is not available, on ligament cells
from rabbits. The preliminary studies have
indicated that porcine relaxin can alter the pat-
tern of gene expression by these ligament cells,
but the alterations are very complex. It remains
to be determined whether rabbit relaxin also
Osteoarthritis and Cartilage Vol. 7 No. 1137induces such complex alterations in ligament cells
and tissues.Table I
List of molecules for which rabbit-specific primers sets have been developed and validated
Matrix Molecules Proteinases/Inhibitors
*Collagen I, II, III *MMP-1 (Collagenase)
*Biglycan *MMP-3 (Stromelysin)
*Decorin *Urokinase
*Lumican *TIMP-1, -2, -3
*Versican *PAI-1, -2
Aggrecan
*Fibromodulin Growth Factors/Receptors
*TGF-â1, -â2 *Insulin Receptors
Inflammatory Molecules *EGF PDGF-â Receptors
*IL-1 *iNOS NGF EGF Receptors
*TNF *COX-2 *ET-1
*bFGF
Hormone Receptors* PDGF-A
*Estrogen *IGF-I, -II
*Progesterone
Constitutive (Housekeeping)
*Beta-Actin
*GAPDH
*HPRT
COX-1
cNOS
Two independent clones (Tac and Pfu) were isolated and sequenced to verify the products.
*Indicates transcripts detected in RNA from normal MCL tissue.FIG. 6. Comparison of mRNA levels for matrix molecules
between normal rabbit MCL tissue and 3 week MCL
scar. MRNA levels determined by semi-quantitative
RT-PCR and normalized to housekeeping gene (HPRT)
levels. Statistical significance between groups deter-
mined by ANOVA.FIG. 7. Laxity of MCL in non-pregnant skeletally mature
rabbits (12 month old retired breeders) and skeletally
mature multiparous rabbits that were 4 weeks pregnant
(gestation in the rabbit=31–32 days). Statistical signifi-
cance between groups determined by ANOVA.molecular biology of ligaments from pregnant
and non-pregnant rabbits
Analysis of RNA from the MCL of non-pregnant,
pregnant and post-partum rabbits has indicated
that pregnancy induces a set of complex altera-
tions in the pattern of gene expression that is
tissue specific, age-specific (adolescent vs skel-
etally mature) and somewhat ligament-specific
(Hart et al. manuscript submitted). With regard toligaments, changes in mRNA expression in the
MCL is di#erent from those of the ACL, and both
are somewhat di#erent from patellar tendon. The
complexity of the changes di#er from those
detected in relaxin-treated cells, indicating that
either the e#ects in vivo have multiple etiologies,
or the e#ect of relaxin on cells in vitro does not
reflect its e#ects in the in-vivo milieu. In vivo,
pregnancy-associated changes in matrix mol-
ecules, proteinases and inhibitors, growth factors
and inflammatory molecules have been detected
(Hart et al. manuscripts submitted and in prep-
aration). As transcripts for some molecules are
elevated during pregnancy and others depressed
138 Frank et al.: Ligament biology and biomechanics(Table II), it will be di$cult to establish a simple
correlation between the changes in mechanical
behaviour of the ligaments and alterations in gene
expression without more detailed investigation
and analysis. These studies are ongoing.do gender variables influence ligament healing?
As discussed in previous sections, the healing
process in ligaments is complex. Furthermore,
gender-related variables appear to influence nor-
mal ligament function, risk to incur ligament
injury, as well as ligament function during preg-
nancy. These findings raise the question of
whether gender-related variables influence the
outcome of ligament healing. A search of the
literature has revealed a paucity of ‘hard evidence’
one way or the other, however there are sugges-
tions that gender-related factors may play a role
during healing. This area is in need of further
investigation at the mechanical, molecular, and
biochemical levels to clarify these potentially
important factors which could influence outcomes
in clinical populations. Studies on this topic are
ongoing.Conclusions
As key stabilizers and proprioceptive elements
in diarthrodial joints, ligaments potentially serve
very important roles in normal joint functioning.
Following injury, it is known that the mechanical
behaviours of ligaments are altered significantly,
creating the potential for altered joint kinematics,
joint dysfunction, and osteoarthritis. We are only
beginning to appreciate the relationships between
the cell biology and mechanical functioning of
ligaments in health and in disease. We are also
only beginning to recognize that there may be
important, gender-specific di#erences in ligament
properties with relevance to arthritis. Further
understanding of the molecular, cell, and matrix
biology of ligaments, combined with further
definitions of the structure–function relationships
of ligaments, will eventually lead to improvedtreatment and prevention of some forms of
osteoarthritis.Table II
Summary of statistically significant changes in mRNA
levels in the multiparous rabbit MCL during pregnancy
Unchanged
Elevated Depressed (not significant)
Decorin Biglycan Versican
Collagenase Type I Collagen IL-1
PAI-1 Type III Collagen TGF-â1
iNOS TNF TIMP-1
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